We examined the horizontal measurement performance of five mapping-grade GPS receiver configurations operating simultaneously at three measurement test sites established in open sky, young forest, and closed canopy conditions. Two of the GPS receivers had external antennas, and two receivers were configured to collect data with real-time differential corrections through the Wide Area Augmentation System (WAAS). The GPS receivers collected data using 1-, 30-, and 60-point recording intervals to test the influence of the number of point recordings on position determination. We also postprocessed all data to examine the influence of differential corrections. We found statistically significant differences in measurement accuracy between GPS receiver configurations that had an external antenna and receivers that did not. The top performer for unprocessed data collected measurements with real-time differential corrections and had average measurement errors of 0.4, 0.8, and 2.2 m, in open sky, young forest, and closed canopy conditions, respectively. The top performer for postprocessed data had average measurement errors of 0.2, 0.1, and 1.2 m, in open sky, young forest, and closed canopy conditions, respectively. The influence of number of points on measurement accuracy was observed between the 1-and 30-point intervals, with no statistically significant differences between the 30-and 60-point intervals. No statistically significant difference resulted in WAAS measurements that were postprocessed. The measurement accuracies we report are acceptable for many natural resource measurement applications. These findings encourage the use of external antennas when using GPS receivers under forest canopy. In addition, point recording intervals of 30 appear to be efficient for accurate measurements with mapping-grade GPS receivers.
F orest rrieasurcments are necessary to determine silvicultural unit boundaries, stand inventory data, special management area delineations, road and stream attributes, and other sesource characteristics. GPS receivers allow users to communicate With a satellite system to determine a coordinate position and elevadon if communication can be established and maintained. Many GPS receivers also allow users to return and locate a feature using stored coordinates or through a visual display on a receiver or data logger. Forested landscapes place significant impediments to collecting resource measurements through canopy, understory vegetation, landforms, and other factors that block satellite signals from reaching a GPS receiver. During times of poor satellite availability or diminished signal quality, field personnel may not be able to collect data efficiently.
A variety of GPS receiver hardware configurations and satellite systems are now available to consumers to assist in field data collection, reconnaissance, and other activities. Few studies, however, have rigorously examined mapping-grade GPS receiver performance systematically across a range of canopy and operating conditions. Our objectives were to compare the horizontal measurement errors of five mapping-grade GPS receivers with several different operating and hardware configurations working simultaneously in three distinct forested settings. The settings included measurement test sites established in open sky, young forest, and closed canopy Received January 27, 2007 accepted May 21, 2007 conditions. The operating configurations included autonomous satellite signals and signals that had been subject to real-time differential correction through the Wide Area Augmentation System (WAAS). We also investigated the influence of postprocessing differential corrections on the autonomous and real-time differentially corrected data. In addition, we examined the influence of the number of GPS point recordings used to determine a position on measurement error.
Background
All GPS receivers rely on satellites for determining positions. Several satellite systems are now available for use by GPS receivers. The primary system is the Navigation Signal Timing and Ranging (NAVS'I'AR) GPS, operated by the US Department of Defense. Several likely sources of errors in GPS measurements include signal interference due to atmospheric conditions, the synchronization of satellite and receiver clocks, and tracking of satellite position and orbital patterns (Leick 2004) . Differential correction of GPScollected data can reduce these errors and can lead to substantial reductions in measurement errors in some cases. Differential correction uses a GPS base station located by very accurate and precise measurements that continuously compares GPS-derived positions to its known position. The comparison produces a time-dependent correction factor that can be applied to ocher GPS receiver measurements that were collected nearby (Van Sickle 2001) . A network of continuously operating reference stations (CORSs) is available throughout the world in support of differential corrections (Lachapelle et al. 2002 ). The CORS system is a network ofGPS base stations that are constantly (barring technical or support difficulties) collecting satellite signals and calculating an estimated error between their known position and their position as determined by GPS satellites. The National Geodetic Survey hosts an Internet site that lists C()RS locations and provides access to differential correction resources (National Geodetic Surve y 2006) .
Other satellite systems include space-based augmentation systems (SBASs), which are in use throughout the world. The primary SBAS in the United States is the WAAS, which is administered by the Federal Aviation Administration. WAAS applies differential corrections to GPS-derived positions in real-time, meaning that (;Ps receivers are communicating with a WAAS satellite and are recording differentially corrected positions as they collect data. At the time of this stud y , there were two operational WAAS satellites with coverage over the United States and two satellites operating in test mode (FAA 2007) . The WAAS satellites operate in geosynchronous orbits with equatorial locations over the Pacific Ocean and northern Brazil. As with any satellite or satellite system, a GPS receiver must have an open line of sight with a WAAS satellite to calculate positions. Interference by objects such as vegetation and terrain can block signal reception. GPS measurement reliability is influenced by the distance between a GPS receiver and a WAAS satellite. A single WAAS satellite signal is required for a GPS receiver to apply real-time correction factors, but reception of additional WAAS satellite signals can provide real-time corrections should reception from one satellite be lost. In the United States, only western states had the potential to receive signals from both operational WAAS satellites during the study period. Two other operational SBASs are the European Geostationary Navigation Overlay System and the Japanese Multitask SBAS.
There are three recognized GPS receiver grades, with mappinggrade GPS receivers perhaps being the best suited for natural resource measurements in forested settings. The other two GPS receiver types are consumer grade and survey grade. Consumer-grade GPS receivers are capable of measurement accuracies under forest canopy of between 7 and 10 in (Wing et al. 2005) . Consumer-grade GPS receivers can be purchased for several hundred dollars or less but do not typically allow data postprocessing for differential corrections. In contrast, survey-grade GPS receivers are capable of highly accurate measurements (<1 cm), are relatively expensive (>l2,000), and usually include software and procedures for data postprocessing. Survey-grade GPS receivers, however, are not stutable for many forestry applications due to their relatively delicate nature (Wing and Kellogg 2004) . In addition, survey-grade GPS receivers require operator skill above that required for mapping-and consumer-grade GPS receivers.
Manufacturer estimates of mapping-grade GPS receiver horizontal errors range from 1 to 5 m depending on the type of receiver, configuration, and satellite signals being used. Prices for mappinggrade GPS receivers vary from approximately $2,000412,000 depending on configuration. Manufacturer estimates are often based on ideal field conditions and are unlikely to reflect forestry applications. Several previous studies have reported on the measurement errors of mapping-grade GPS receiver use in forested environments. Accuracy results have varied depending on canopy type and density. Sigrist at al. (1999) tested mapping-grade GPS receivers in a midwestern US mixed hardwood forest and determined horizontal po- sition errors between 12.3 and 25.6 in during leaf-on periods and between 3.8 and 8.8 in leaf-off conditions. Naesset and J onmeister (2002) tested mapping-grade GPS receivers in western Norway Sitka spruce (Picea sitchensis) forests and found horizontal position errors between 0.5 and 5.6 rn Naesset and Jonmeister (2002) concluded that measurement error was influenced by basal area density and length of data collection time. Liu (2002) determined average horizontal position errors of 4.0 in tinder dense hardwood canopies in the southern United States, Johnson and Barton (2004) examined a mapping-grade GPS receiver below a partial hardwood forest canopy in New Hampshire and determined horizontal errors of 20-30 in using nondifferentially corrected data. Bolstad et al. (2005) tested several mapping-grade GPS receivers in deciduous and red-pine forests in Minnesota and reported errors from 2.4 to 4.5 rn under canopy with at least 70% obstruction of the sky.
Methods
We tested five Trimble mapping-grade GPS receivers using several different configurations (Table 1) and point recording intervals. Measurements were collected during May 2006 in western Oregon. Two of the units were each operated with an external antenna and with advanced mapping-grade receiver hardware (ProXT and ProXH). One of the external antenna units was configured to record data using only the NAVSTAR GPS, without any other satellite systems or real-time data corrections (autonomously). The other external antenna unit was configured to collect only real-time differentially corrected data as provided by a WAAS satellite, The other three units collected data using an internal antenna located within each GPS receiver (Geo)Cl'), with two units collecting autonomous data and one unit collecting WAAS data.
Measurement testing sites were established in three distinct forest settings: open sky, young forest, and closed canopy forest. The open sky site was in a forest clearing and had an unobstructed view of the sky. The young forest site was in a 5-20-year-old stand of Douglasfir (Pseudatsuga menziesii) and had a canopy closure of approximately 50%. The closed canopy site was established in a mature forest of approximately 40-year-old Douglas-fir and had a canopy closure of near 100%.
Two benchmarks were established at each test site 1.75 m apart from each other and on an east-west line. The benchmarks were marked by wooden hubs that were securely driven into the ground. The locations of the benchmarks were established by completing closed traverses to two nearby survey control monuments with a digital total station. The closed traverse allowed us to establish a Universal Transverse Mercator (UTM) coordinate pair for each benchmark. For testing, a tripod was centered over each benchmark and leveled. A wooden board with dimensions 2.5 X 30.0 cm that spanned the benchmarks was then clamped to the top of the tripods to create a testing bench. The GPS receiver antennas (internal and external) were placed on the testing bench and evenly spaced 30 cm apart on-center and in-line between the two benchmarks. The coordinate positions of GPS receiver antennas that were between the benchmarks were interpolated from the known benchmark coordinates. The height of the board was approximately 1.0 m aboveground to allow for ease of operating the GPS equipment. This setup was repeated at each of the GPS test sites.
We used GPS mission planning software to identify preferred data collection times and scheduled our field visits accordingly. Each GPS receiver was configured to have an elevation mask of 150, signal-to-noise ratio of 4, and a maximum allowable position dilution of precision (PDOP) value of 8. The recording interval was set so that a position determination would occur every second, and all units were configured to collect data in a UTM coordinate system within a WGS84/ITRF00 datum.
When operating the GPS receivers, all operators stood to the north of-the (PS equipment to standardize measurement collection protocol and to maintain a view of the southern sky. GPS measurements were recorded in a rotating sequence of 1-, 30-, and 60-point intervals. Coordinate recordings for the 30-and 60point intervals were averaged, and the resultant coordinates were recorded for their respective point interval. An audible count was given to the operators to start each of the three-point recording intervals so that all measurements were recorded simultaneously. A sequence of 1-, 30-, and 60-point measurement intervals was recorded 30 times at all three testing sites.
On completion of GPS data recording, the 270 recordings from each GPS configuration were downloaded for analysis using a commercial software package (Trimble GPS Pathfinder Office 3.10). All GPS receiver databases were differentially corrected using data from a CORS base station located 39 km away. We calculated the straight-line distance between each GPS measurement and the test benchmarks at all three measurement sites to determine a measurement error. For statistical analysis, we applied a natural log transformation to the calculated measurement error so that its distribution better approximated normality. We conducted a two-way analysis of variance (ANOVA) using S-Plus statistical software with site and point interval as fixed factors and performed this analysis for each GPS receiver and data type combination for a total of 10 runs (unprocessed and postprocessed data from five GPS receivers).
Results
Average GPS horizontal measurement errors and standard deviations were calculated for each GPS receiver by the point recording interval and also separately for each of the three testing sites (open sk)", young forest, and closed canopy). The average horizontal error and SD were also summarized for each unit (Table 2 ). In addition, all GPS receiver measurements were postprocessed (differentially corrected). In comparing each GPS receiver's average error at the three testing sites, the WAAS-enabled GPS receivers (units 1 and 3) were the top performers for the open sky and young forest sites for unprocessed data (Table  2) . Unit 2 featured an external antenna and had the least amount of error for unprocessed data in the closed canopy site.
GPS Receiver Configuration and Postprocessed Differential Corrections
We found a statistically significant difference in the horizontal measurement error between the live GPS receivers that were tested (P < 0.01). In addition, significant differences were also detected between the combined (pooled) data for both unprocessed and post-processed measurements (P < 0.01). We combined data for all five receivers to identify general measurement trends. With the exception of unit 3, all GPS receiver configurations had horizontal errors decrease following postprocessing by applying differential corrections ( Figure 1) . Positional errors were nearly identical for unit 3 Within the young forest and closed canopy courses but declined slightly in the open sky course (Table 2 ). In individual tests of each GPS receiver configuration, significant differences between unprocessed and postprocessed data were found for all but two of the units: the Trimble ProXT receiver with WAAS enabled and external antenna (unit 1; P = 0.71) and the Trimble GeoXT receiver with WAAS enabled (unit 3; P = 0.47).
The Trimble ProXH autonomous receiver and external antenna (unit 2) had the smallest horizontal error among the GPS receivers for posrprocessed data (0.5 m), whereas the Trimble GeoXT receiver with WAAS enabled (unit 3) had the smallest horizontal error for unprocessed data (1.2 m). The Trimble GeoXI autonomous receiver (unit 5) had the greatest unprocessed horizontal error (1.8 in), whereas the Trimble GeoXT receiver with WAAS enabled (unit 3) had the greatest postprocessed horizontal error (1.1 m). The Trimble ProXH autonomous receiver with an external antenna (unit 2) had the greatest horizontal error reduction after postprocessing (0.9 m), and the Trimble GeoXT receiver with WAAS enabled (unit 3) had the smallest horizontal error reduction after postprocessing (0.] m).
Number of Points
The number of point recordings (recording interval) used to create a position determination was statistically significant for the pooled data (P = 0.02). In general, we observed a decrease in average horizontal positional error as the number of points used to determine a position increased from 1 to 30 for both unprocessed and postprocessed data. For unprocessed data, the average positional error decreased from 1.6 to 1.3 m when the number of points increased from 1 to 30, and for postprocessed data, error decreased From 1 .1 to 0.9 in. However, when the number of points averaged was increased from 30 to 60, the horizontal positional error was not reduced. For unprocessed data, the horizontal positional error at 60-point recordings remained unchanged from that of 30-point recordings (1.3 m). For postprocessed data, the horizontal error decreased from 0.9 m (30 points) to 0.8 m (60 points).
The reduction in horizontal error between unprocessed and postprocessed differentially corrected GPS data among the three recording intervals was relatively consistent for the pooled data. A slightly greater reduction of 0.6 m in horizontal error occurred when a single point was used to determine a position as opposed to the 30-and 60-point averages, which resulted in an average reduction of 0.5 m.
Canopy Cover
Statistically significant differences were observed in the average horizontal error between the three measurement sites and their different canopy types (P < 0.01). Average error decreased for all three canopy cover types when data were postprocessed for differential corrections. The data for the open sky site had the least horizontal error among the three canopy cover types for both unprocessed and postprocessed data (0.8 and 0.5 m, respectively). The closed canopy site had the greatest horizontal error among the three sites for both unprocessed and postprocessed data (2.2 and 1.7 m, respectively). However, the greatest horizontal error reduction after postprocessing (0.8 m) occurred at the of canopy cover with data processing on horizontal error was also examined for each GPS receiver. All factors were statistically significant Interactions among GPS Configurations except for units 1 and 3. For unit 1, the interaction of canopy cover and When analyzing (PS receiver configurations separately for each data type was significant. Further statistical analysis of unit I found that receiver for canopy type, recording interval, and possible interaction postprocessed data were significantly different from unprocessed data affects on horizontal error, the Trimble GeoXT autonomous receiver for all canopy types. For unit 3, only canopy cover had a statistically (unit 5) with unprocessed data showed a significant interaction between significant influence on measurement error. canopy type and recording interval (P < 0.01; (Naesset and Jonmeister 2002) . Although some similarities can be found in the methodologies of these other studies and their data collection under various canopy conditions and tree species, there are noteworthy differences that make direct comparisons challenging, such as the number of points collected and canopy closure. In addition, the constant movement of satellite systems, hardware and software advances, and numerous other factors influence study results over time.
When the horizontal positional errors were averaged for all point intervals and compared across the three test sites in our study, the top performers for unprocessed data were units 1 and 3, with the exception of the closed canopy site, in which unit 2 had the least amount of average error. Units 1 and 3 both operated with WAAS enabled, but only unit 1 included an external antenna. Unit 2 also included an external antenna but was configured for autonomous data collection and also consistently had the lowest error at all test sites when postprocessed measurements were compared. The postprocessed measurements for unit 2 were the most accurate among all units and were also more accurate than the WAAS unprocessed measurements at all three sites. We found no statistically significant differences between the unprocessed and postprocessed measurements collected by either of the WAAS-enabled receivers.
When comparing the horizontal errors of external antenna unit configurations with nonexternal antenna unit configurations (comparisons of units 1 and 3, units 2 and 4, and units 2 and 5), all pairwise comparisons were statistically significant (except units 2 and 4 only for unprocessed data; P = 0.98). These findings encourage the use of external antennas for GPS data collection, and given that the antennas were placed at a height of 1.0 in to standardize data collection in our study, users that are able to extend an antenna farther upward may observe errors smaller than those we reported. The potential improvement of GPS measurements was noted by D' Eon (1996) who found that PDOP decreased as antenna height increased from 2 to 4 m. In addition, our experiences during data collection encourage using an external antenna. We waited until all GPS receivers were able to collect measurements before we began recording so that all receivers collected data simultaneously. We observed during our data collection that the two GPS receivers with external antenna were able to begin data collection with greater frequency than the other receivers. The increased cost of an external antenna would likely be recovered in a short time by those using mapping-grade GPS receivers under forest canopy with moderate regularity.
Our results demonstrated that the amount of canopy cover has a significant influence in the determination of horizontal positions by GPS receivers. With the decrease of horizontal error as canopy cover is reduced, coupled with the reduction of horizontal error with postproccssing of data, the GPS measurements had the smallest error at the open canopy site after postprocessing. After conducting pairwise comparisons between the three canopy types, as well as between unprocessed and postprocessed data for all GPS receivers, all pairwise comparisons were determined to be significant. These canopy cover trends were also reported by Sigrist et al. (1999) .
The number of points collected was influential on the accuracy of measurements, with gains being apparent when 30 points were collected in comparison to a single point (P = 0.03). However, there were no significant differences occurring between the 30-and 60-point intervals (P = 0.77). When comparing horizontal errors between I point and 60 points, there was a significant difference with respect to unprocessed data (P = 0.01) but not postprocessed data (P = 0.17). One explanation is that point averaging has a greater effect on horizontal error with unprocessed data than with postprocessed data. Nonetheless, these findings encourage those involved in field-based GPS data collection to consider a point averaging interval of 1 point per second for 30 seconds rather than a single point or average of 60 points. There do not appear to be significant reductions in measurement error when this approach is lengthened to 60 seconds. Thus, greater efficiencies in data collection will result from a point averaging methods of 30 points rather than 60 points. Further research might consider the comparison of 10-and 20-second intervals to see whether positional error is influenced by these reduced point collection periods.
Mapping-grade GPS receivers have the potential to efficiently collect measurement data under forest canopy with accuracies that are appropriate for many natural resource applications. GPS technology continues to mature, with several key advancements expected in the future (Rizos 2002) . As a result, potential GPS users should expect greater economy in purchasing GPS receivers and improved measurement capabilities in the years ahead.
